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Elliptic flow fluctuations in Au+Au collisions at /s, = 200 GeV
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This paper presents the first measurement of event-by-event fluctuations of charged particle elliptic
flow in Au+Au collisions at /s, = 200 GeV as a function of collision centrality. The relative
non-statistical fluctuations of the elliptic flow coefficient, v2, are found to be approximately 40%.
The magnitude of the observed relative fluctuations in v2 agrees with predictions based on spatial
fluctuations of the participating nucleons in the initial nuclear overlap region. These results are
consistent with a scenario where v is directly proportional to the eccentricity of the initial matter
distribution on an event-by-event basis. The subsequent evolution of the system does not change
this in any measurable way, consistent with hydrodynamic evolution with a very low viscosity. The
agreement of the results with event-by-event eccentricity calculations indicates that matter in the
initial stage of the collision is produced with a transverse granularity similar to that of the participant

nucleons.

PACS numbers: 25.75.-q

Results from the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory suggest that
a dense state of matter is formed in ultrarelativistic
nucleus-nucleus collisions [1, 2, 3, 4]. Studies of final state
charged particle momentum distributions show that the
produced matter undergoes a rapid collective expansion
transverse to the direction of the colliding nuclei. In
particular, for collisions at large impact parameter, the
expansion shows a significant anisotropy in the azimuthal
angle, strongly correlated with the anisotropic shape of
the initial nuclear overlap region. The dominant compo-
nent of this anisotropic expansion is called “elliptic flow”
and is commonly quantified by the second coefficient, vo,
of a Fourier decomposition of the azimuthal distribution
of observed particles relative to the event-plane angle.

Elliptic flow has been studied extensively in Au+Au
collisions at RHIC as a function of pseudorapidity,
centrality, transverse momentum and center-of-mass en-
ergy [3, 4, 5, 6, 7]. For Au+Au collisions at RHIC
energies, the observed dependence of the elliptic flow
signal on centrality and transverse momentum is found to
be in good agreement with calculations in hydrodynamic
models [7, 8]. This is considered evidence for an early
equilibration of the colliding system and a low viscosity
of the matter produced in the early stage of the collision

process [9]. In such calculations, for given conditions
of the produced matter, the elliptic flow magnitude v, is
found empirically to be proportional to the eccentricity, €,
characterizing the transverse shape of the initial nuclear
overlap region [10].

Recent measurements of elliptic flow in the smaller
Cu+Cu system have shown surprisingly large values of
elliptic flow, in particular for the most central collisions
where the average eccentricity of the nuclear overlap
region is small [11]. The results for Cu+Cu and Au+Au
collisions can be reconciled if event-by-event fluctuations
in the initial eccentricity are considered. To account for
these fluctuations, we have proposed a definition of the
eccentricity that does not make reference to the direction
of the impact parameter vector, but rather characterizes
the eccentricity through the event-by-event distribution
of nucleon-nucleon interaction points obtained from a
Glauber Monte-Carlo calculation [11, 12, 13]. This
“participant eccentricity” is defined as
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corresponding to a principal component transformation
that maximizes the eccentricity for each event, where
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o2, 05, and o,, are the event-by-event (co-)variances
of the participant nucleon distributions projected on
the transverse axes, x and y. The covariance term,
0zy, Which leads to a finite initial eccentricity even for
the most central events and has a large effect in the
smaller Cu+Cu system, has been found to be crucial for
understanding the comparison of Cu+Cu and Au+Au
elliptic flow results [11].

Using the probabilistic distribution of interaction
points obtained from a Glauber calculation, performed
on an event-by-event basis, leads to relative eccentricity
fluctuations of o,,,, /(€part) ©40% for Au+Au collisions
at fixed number of participating nucleons (Npay) [14]. If
v9 is proportional to €, an event-by-event measurement
of elliptic flow should therefore exhibit large fluctuations
in v, even at fixed Npare. All previous measurements
of elliptic flow were reported for averages over large
ensembles of events in bins of centrality. In this letter
we present the first measurement of event-by-event wvg
fluctuations as a function of collision centrality in Au+Au
collisions at /5, = 200 GeV.

The data shown here were taken with the PHOBOS
detector at RHIC during the year 2004. The PHOBOS
detector is composed primarily of silicon pad detectors
for tracking, vertex reconstruction, and multiplicity mea-
surements. Details of the setup and the layout of the
silicon sensors can be found elsewhere [15]. Key elements
of the detector used in this analysis include the silicon
vertex detector (VTX), the silicon octagon multiplicity
detector (OCT), three annular silicon multiplicity de-
tectors to either side of the collision point (RING), and
two sets of scintillating paddle counters for characterizing
collision centrality.

The Monte Carlo (MC) simulations of the detector per-
formance are based on the HIJING event generator [16]
and the GEANT 3.21 [17] simulation package, folding in
the signal response for scintillator counters and silicon
Sensors.

In the analysis presented in this letter, an estimate
of vs is made event-by-event via a maximum-likelihood
fit to the hit distribution on the PHOBOS multiplicity
array (VIX, OCT and RING). The response function
of the event-by-event measurement, containing the con-
tribution of statistical fluctuations and detector effects
is calculated using MC simulations. Non-statistical
fluctuations in data are extracted by unfolding the
response function from the distribution of the event-by-
event measurement.

The PHOBOS multiplicity array covers almost the
full solid angle. We parametrize the pseudorapidity
dependence, v2(n), with a single parameter, vo = v2(0),
and a triangular or trapezoidal shape, given by vi(n) =
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The event-by-event measurement method has been de-
veloped to use all the available information from the
multiplicity array to measure the elliptic flow at zero
rapidity, Vo, while allowing an efficient correction for the
non-uniformities in the acceptance. Taking into account

respectively.

correlations only due to elliptic flow, the probability of
a particle with given pseudorapidity, 1, to be emitted
in the azimuthal angle, ¢, in an event with elliptic flow
magnitude, vo, and event-plane angle ¢ is given by

PV, d0im) = o= {1+ 2u(n)cos (2[6 — du])} . (2

At the points where charged tracks passed through an
active silicon detector, energy is deposited in the form of
ionization. A pad where energy is deposited is said to be
a “hit” [5]. We define the probability density function
(PDF) for a hit position (7, ¢) for an event with v, and
event-plane angle ¢¢ as

P(@lva,boim) = ————p(glva,oin), (3)
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where the normalization parameter s(va, ¢o;7) is calcu-
lated in small bins of 7 such that the PDF folded with
the acceptance is properly normalized for different values
of 1%) and gf)o.

For a single event, the likelihood function of v4 and ¢q
is defined as L(va, ¢o) = [[;—; P(¢i|va, do;m:), where the
product is over all n hits in the detector. The likelihood
function describes the probability of observing the hits in
the event for the given values of the parameters vy and
¢o. The parameters vy and ¢g are varied to maximize
the likelihood function and estimate the observed values,
v§Ps and ¢gPs, for each event.

The response of the event-by-event measurement is
non-linear and depends on the observed multiplicity n.
Therefore, a detailed study of the response function is
required to extract the true vy distribution from the
measured v§P* distribution. Let f(vo) be the true vo
distribution for a set of events in a given centrality bin,
and g(v§*) the corresponding observed distribution. The
true and observed distributions are related by

g(v3™) = / K% va,n) f(v2) dvy N(n)dn,  (4)

where N(n) is the multiplicity distribution of the given
set of events and K (V3™ v, n) is the expected distri-
bution of v§P* for events with fixed input flow va, and
constant observed multiplicity n.

The response function, K (V$P%,va,n) is determined
by performing the event-by-event analysis on modified
HIJING events with flow of fixed magnitude vy. The
flow is introduced by redistributing the generated par-
ticles in each event in the ¢ direction according to the
probability distribution given by Eq. 2. For the two
parameterizations of va(n), triangular and trapezoidal,
used in the event-by-event measurement, the correspond-
ing response functions, K'' and K% are calculated.
Fitting smooth functions through the observed response
functions decreases bin-to-bin fluctuations and allows
for interpolation in vs and n. The response of a
perfect detector can be determined as a function of event

multiplicity as described in Ref. [10]. In practice, some



empirical modifications to the ideal relation, accounting
for the detector effects, significantly improve fits to the
response function, leading to
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with vi°d = (An + B)vy and o = C/y/n + D, and
where Iy is the modified Bessel function. The four
parameters (A4, B, C, D) are obtained by fits to observed
K (V8P v5,n) in the modified HIJING samples.

The true event-by-event vo distribution, f(ve), is
assumed to be a Gaussian in the range v, > 0, with
two parameters, mean (V,) and standard deviation (o, ).
For given values of the parameters, it is possible to take
the integral in Eq. 4 numerically to obtain the expected
vgPs distribution. Comparing the expected and observed
distributions, the values of V5, and oy, are found by a
maximum-likelihood fit. Midrapidity (|| < 1) results
from the two parameterizations of vy(n), triangular and
trapezoidal, are averaged as (va) = 0.5(ZV5 + vy™P)
and o, = 0.5(15051 + ogjp), where the factor 13 comes
from integration over 7.

The induced vy fluctuations arising from fluctuations
in the number of participating nucleons are calculated by
parameterizing the (ve) versus Npar results and folding
them with the Npa. distributions in each centrality bin.
The relative contribution of these fluctuations to o, is
found to be less than 8%. Results in this letter are
presented after subtraction of Npay induced fluctuations.

Systematic errors have been investigated in three
main classes: variations to the event-by-event analysis,
response of the measurement to known input o,,, and
intrinsic differences between HIJING events and data.
Various modifications to the event-by-event analysis have
been applied. Corrections, used in the hit-based event-
plane analysis [5, 6], to account for signal dilution due
to detector occupancy and to create an appropriately
symmetric acceptance have been applied to both HIJING
and data events. Hit definitions have been varied. These
changes lead to at most 4% variations in the observed rel-
ative fluctuations demonstrating a good understanding of
the response function. The determination of the response
function and the final fitting procedure have been studied
by performing the analysis on sets of modified HIJING
events with varying input o,,. Differences between input
and reconstructed o,, are identified as a contribution
to the systematic uncertainty. The sensitivity of the
measurement is observed to be limited for very low
(v2) values. Therefore the 0-6% most central events,
where the reconstructed (vq) is below 3%, have been
omitted. Differences between HIJING and data in terms
of dN/dn, va(n) and particle correlations other than
flow (non-flow correlations) can, in principle, lead to
a miscalculation of the response function. A sample
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FIG. 1: (v2) (top) and o, (bottom) versus Npar for Au+Au
collisions at /s,y = 200 GeV. Previously published event-
plane w2 results for the same collision system are shown
for comparison [6]. Boxes and gray bands show 90% C.L.
systematic errors and the error bars represent 1-o statistical
errors. The results are for 0 < n < 1 for the track-based
method and || < 1 for hit-based and event-by-event methods.

of MC events has been generated, in which the dN/dn
distribution of HIJING events is widened by a simple
scaling to match the measurements in data within the
errors [18]. The difference between results obtained with
and without this modification, as well as the difference
between results with two different parameterizations of
va(n) are identified as contributions to the systematic un-
certainty. The non-flow correlation strength in HIJING
was found to be of comparable magnitude to the observed
strength in data [19]. A different set of MC events
has been generated, in which the flow is introduced by
shifting the particle momenta in the azimuthal direction,
preserving other correlations. Differences between the
results obtained with these MC events, to the results
obtained using MC events with only flow correlations, are
identified as another contribution to the systematic un-
certainty. Other systematic studies include using a flat,
rather than Gaussian, ansatz for the true vo distribution,
f(va), and performing the analysis in different collision
vertex and event-plane angle bins. The uncertainty in
the contribution of Npa¢ induced fluctuations has also
been estimated via different parameterizations of the (vq)
versus Npart results. Contributions from all error sources
described above are added in quadrature to derive the
90% confidence level error.

Fig. 1 shows the mean, (vs), and the standard devia-
tion, oy,, of the elliptic flow parameter v2 at midrapidity
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FIG. 2: 64, /(v2) versus Npar¢ for Au+Au collisions at /s, =
200 GeV. Open squares show oe,,../(€part) calculated in a
Glauber MC. The bands show 90% C.L. systematics errors.

as a function of the number of participating nucleons, in
Au+Au collisions at /5, = 200 GeV for 6-45% most
central events. The results for (v3) are in agreement
with the previous PHOBOS v2 measurements [6], which
were obtained with the event-plane method for charged
hadrons within |n|<1. The uncertainties in dN/dn and
va(n), as well as differences between HIJING and the
data in these quantities, introduce a large uncertainty
in the overall scale in the event-by-event analysis due
to the averaging procedure over the wide pseudorapidity
range. The event-plane method used in the previous
PHOBOS measurements has been proposed to be sen-
sitive to the second moment, /(v3), of elliptic flow [20].
The fluctuations presented in this letter would lead to
approximately 10% difference between the mean, (vq),
and the RMS, 1/ (v3), of elliptic flow at a fixed value of
Npart- However, a detailed comparison is not possible
for our (v9) measurements due to the scale errors, which
dominate the systematic uncertainty on (v2) and o,,.
Most of the scale errors cancel in the ratio, oy, /(v2),
which defines, “relative flow fluctuations”, shown in
Fig. 2 as a function of the number of participating
nucleons. We observe large relative fluctuations of ap-
proximately 40%. MC studies show that the contribution
of non-flow correlations to the observed elliptic flow
fluctuations is less than 2%. The effect of non-flow corre-
lations has also been found to be small for a preliminary
study by the STAR collaboration, measuring elliptic flow
fluctuations for charged hadrons near midrapidity [21].

Also shown in Fig. 2 is o, /{€part) at fixed values
of Npqrt obtained in a MC Glauber simulation. The
90% confidence level systematic errors are estimated by
varying Glauber parameters as discussed in Ref. [11]. A
striking agreement between the relative fluctuations in
the Glauber model participant eccentricity predictions
and the observed elliptic flow fluctuations is seen over
the full centrality range under study. The observed
agreement suggests that the fluctuations of elliptic flow
primarily reflect fluctuations in the initial state geometry
and are not affected strongly by the latter stages of the
collision.

These results are therefore qualitatively consistent
with a picture of the collision process in which the shape
of the initial stage geometry follows the predictions of the
Glauber model and where the initial geometry is trans-
lated into the final state azimuthal particle distribution in
a hydrodynamic expansion, leading to an event-by-event
proportionality between the observed elliptic flow and the
initial eccentricity. The results support conclusions from
previous studies on the importance of geometric fluctu-
ations of the initial collision region postulated to relate
elliptic flow measurements in the Cu+Cu and Au+Au
systems [11]. This agreement also provides evidence that
matter is created in the initial stage of relativistic heavy
ion collisions with a transverse granularity similar to that
of the participating nucleons. The results may allow
future calculations in hydrodynamic models to constrain
the underlying equation of state [22].

In summary, we have presented the first measure-
ment of elliptic flow fluctuations in Au+Au collisions at
VSyw = 200 GeV. We show that the magnitude and
centrality dependence of these fluctuations agree with
predictions for fluctuations of the initial shape of the col-
lision region based on the Glauber model, implying that
the latter collision stages do not significantly alter the
fluctuation pattern. These results provide qualitatively
new information on the initial conditions of heavy ion
collisions and the subsequent collective expansion of the
system. They suggest that elliptic flow is driven by an
event-by-event hydrodynamic expansion originating from
the azimuthally anisotropic initial collision region.

This work was partially supported by U.S. DOE
grants DE-AC02-98CH10886, DE-FG02-93ER40802,
DE-FG02-94ER40818, DE-FG02-94ER40865, DE-FG02-
99ER41099, and DE-AC02-06CH11357, by U.S. NSF
grants 9603486, 0072204, and 0245011, by Polish KBN
grant 1-P03B-062-27(2004-2007), by NSC of Taiwan
Contract NSC 89-2112-M-008-024, and by Hungarian
OTKA grant (F 049823).

[1] 1. Arsene et al. [BRAHMS Collaboration], Nucl. Phys. A
757, 1 (2005)

[2] B. B. Back et al. [PHOBOS Collaboration], Nucl. Phys.
A 757, 28 (2005)

[3] J. Adams et al. [STAR Collaboration], Nucl. Phys. A
757, 102 (2005)

[4] K. Adcox et al. [PHENIX Collaboration], Nucl. Phys. A
757, 184 (2005)



[5] B. B. Back et al. [PHOBOS Collaboration], Phys. Rev.
Lett. 89, 222301 (2002)
[6] B. B. Back et al. [PHOBOS Collaboration], Phys. Rev.
Lett. 95, 122303 (2005)
[7] B. B. Back et al. [PHOBOS Collaboration], Phys. Rev.
C 72, 051901(R) (2005)
[8] P. F. Kolb, P. Huovinen, U. W. Heinz, H. Heiselberg,
Phys. Lett. B 500, 232 (2001)
[9] D. Teaney, Phys. Rev. C 68, 034913 (2003)
[10] J. Y. Ollitrault, Phys. Rev. D 46, 229 (1992)
[11] B. Alver et al. [PHOBOS Collaboration], arXiv:nucl-
ex/0610037, submitted to Phys. Rev. Lett.
[12] S. Manly for the PHOBOS Collaboration, Nucl. Phys. A
774, 523 (2006)
[13] M. L. Miller, K. Reygers, S. J. Sanders, P. Steinberg,
arXivinucl-ex/0701025, submitted to Annual Review of
Nuclear and Particle Science

[14] B. Alver et al. [PHOBOS Collaboration], nucl-

ex,/0608025, PoS(CFRNC2006)023

[15] B.B. Back et al. [PHOBOS Collaboration], Nucl. In-
strum. Meth. A 499, 603 (2003)

[16] M. Gyulassy and X. N. Wang, Comput. Phys. Commun.
B 83, 307 (1994)

[17] R. Brun et al,
DD/EE/84-1

[18] B.B. Back et al. [PHOBOS Collaboration], Phys. Rev.
Lett. 91, 052303 (2003).

[19] B.B. Back et al. [PHOBOS Collaboration], Phys. Rev. C
74, 011901 (2006)

[20] J. Y. Ollitrault (private communication)

[21] P. Sorenson et al. [STAR Collaboration], Proceedings of
Quark Matter Conference 2006, nucl-ex/0612021

[22] T. Osada, C. Aguiar, Y. Hama, T. Kodama, arXiv: nucl-
th/0102011

GEANT3 Users Guide, CERN



